ABSTRACT: We did a meta-analysis of the literature in order to clarify which of the vascularized bone flaps (VBF) used for scaphoid non-union treatment has the best outcome with regard to various parameters. We analyzed 54 articles that present nine different types of VBF. The analysis concerned demographical patient information, radiographic parameters, fracture classification, including the presence or non-presence of avascular necrosis of the scaphoid proximal pole (PP AVN), parameters that have to do with the surgery itself and the postoperative protocol, the healing of the nonunion and functional scores. The meta-analysis showed best healing potential for the femoral graft despite the complexity of the operation. On the other hand, the most commonly used 1,2-ICSRA flap makes the procedure more reproducible but showed worse results. The femoral flap was also among the most successful flaps when used for patients with PP AVN. The consolidation rate, in general, was not affected by the time elapsed between the fracture and the operation but by smoking and the presence of PP AVN. The meta-analysis could not reach many significant statistical conclusions because of either the small number of patients in some flap groups or the heterogeneity and lack of documentation in most of the articles. ß
Numerous papers have been written on the treatment of scaphoid nonunion, using both non-vascularized bone grafts (NVBGs) and vascularized bone flaps (VBFs). Initial experimental studies [1] [2] [3] [4] showed better biologic behavior of VBFs: faster incorporation of the flap in the avascular site, primary bony healing without creeping substitution, revascularization of the ischemic bone and better viability and durability.
Merell et al. 5 conducted a meta-analysis in which they found a significant difference in union rates of VBFs when compared to NVBGs (88% vs. 47%) in patients with avascular necrosis (AVN) of the scaphoid proximal pole. The better healing potential of the VBFs was also proved in patients that underwent previous surgery for the scaphoid nonunion, with or without the use of NVBG; however, there was not sufficient power to reach statistical significance (94% in 35 patients with VBFs vs. 81% in 25 patients with NVBGs). In 2004, Munk and Larsen's 6 meta-analysis found similar results.
Since then, several other types of VBFs have been utilized. Many authors 7, 8 have tried to clarify the indications for each. In general, VBFs are indicated in scaphoid nonunions with AVN of proximal pole, and when a previous attempt for surgical fixation has failed. 5, 6 VBFs are contraindicated in cases where radio-scaphoid arthritis is present, and in proximal pole fractures whose size and shape do not permit stable placement of the flap or its fixation. 9 To our concern, there is not any study that compares in depth, the various types of VBFs apart from union rates and the time until union is achieved.
We tried to analyze various parameters that can influence the result of an operation done with the use of a VBF for scaphoid nonunion.
MATERIALS AND METHODS
Using PubMed, we gathered all the articles that present treatment of scaphoid nonunion with a VBF up until April 2014. The keywords that we used for the search were scaphoid, nonunion, pseudarthrosis, vascularised bone graft, vascularized bone graft, and pedicled bone graft. The aforesaid keywords were used in multiple combinations in order to find as many related articles as possible. The first article that was written on this subject was by Roy-Camille, back in 1965. 10 Inclusion criteria were: (i) Articles that use one or more VBFs for the treatment of scaphoid nonunion written in English, Spanish, Italian, German, or French; (ii) The VBF could be either a local flap or a free flap derived from another part of the body along with its own nutrient vessel. The exclusion criteria were: (i) Articles with scaphoid nonunion treated with vessel implantation in the avascular proximal pole, such as the series published by Fernandez in 1995 11 ; (ii) review articles, letters, and editorials; (iii) articles that presented more than one flaps and did not distinguish the results between the different flaps; and (iv) articles that presented only patients with Preiser's disease. We ended up with 55 articles from which, one was excluded 12 because it presented a VBF as a case report, without being presented by other authors in order to have an adequate number of patients with this VBF. Thus, it would not reach the statistical power to enter the meta-analysis. Thus, we ended up with 54 articles for the meta-analysis.
The 54 articles present the treatment of 1053 patients. These patients were divided into nine groups (Table 1 and Fig. 1) . One group contains all the VBFs that are retrieved from the dorsal radius, 9,13-15 based on the 2,3 ICSRA (2,3-intercompartmental, supraretinacular art.), the four ECA (fourth extensor compartment art.) or the 4/5 ECA (4/5-extensor compartment art). We excluded those in which the 1,2-ICSRA (1,2-intercompartmental, supraretinacular art.) flap is used and that consist of a separate group.
Another group includes patients in whom a volar flap was based on the anterior transverse carpal artery, [42] [43] [44] [45] [46] [47] [48] while a fourth one includes those wherein a pronator quadratus pedicled flap was used. [49] [50] [51] Two other flap groups were the first metacarpal [52] [53] [54] [55] and the second metacarpal [56] [57] [58] flaps, respectively. The last local flap that was categorized was the distal ulna flap. 59 Finally, there were the free vascularized flaps, the medial femoral condyle, [60] [61] [62] [63] and the iliac crest flap. 64, 65 In one article, 24 two different types of VBF were compared, so these patients were separated into different groups. In another article 21 we only used the patients treated with the 1,2-ICSRA flap because the rest of the patients, treated with the 2,3-ICSRA flap, were also included in another article by the same author team.
We performed a comparative quantitative meta-analysis, based on several parameters: (i) Demographics, such as gender, occupation (manual or office work), smoking, dominant hand, and age; (ii) radiographic values such as radiolunate angle, scapholunate angle, capitolunate angle, intrascaphoid angle, and carpal height index, pre-and post-operatively, as well as the classification of the fracture, arthritis, or carpal collapse; (iii) the presence or absence of avascular necrosis of the proximal pole; (iv) surgical parameters such as the time elapsed from the injury to the operation, method of securing the flap in situ, complications, and time of postoperative immobilization; (v) functional parameters (outcome scores, ROM, and grip strength); and (vi) bony healing. We also evaluated whether or not smoking influenced healing and the time up until union.
Microsoft Office Excel 2013, the IBM SPSS V.20, and the Comprehensive Meta-Analysis V.2 were used to analyze all data. In order to compare the groups for the various values of the aforementioned parameters, we first did normality tests using SPSS and then we used the Mann-Whitney U test (aka Wilcoxon rank-sum test). In all figures, the results are shown from the worst to the best value, except for the range of motion (ROM) figure. Finally, for correlation between variables, the Spearman correlation was used. Confidence interval was set at 95% (p < 0.05).
All functional outcome scores were converted to a 0-100 scale, in which 0 was the worst score and 100 was the best. For example, for the conversion of the DASH score in which 0 is the best possible score and 100 is the worst, we computed the new score as Unified score ¼ 100-DASH (Table 2 ). Since several articles reported their functional outcomes by categorizing them as either excellent, good, fair, or poor, we calculated a mean functional score by using the scale that is describing these functional scores. For example, in the Modified Mayo Wrist as well as in the Cooney score, poor result stands for 0-64, fair for 65-79, good for 80-90, and excellent for 91-100. So, if an article reports two patients with poor results, five patients with good results and four patients with excellent results according to 
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Modified Mayo Wrist score, the functional outcome score would
RESULTS

Healing of Nonunion
Regarding the most important factor of a flap's success, we compared the healing rate of each group (Table 3 and Fig. 2 ). The most successful flap was the femoral one with 100% healing rate and the less successful was the 1,2-ICSRA flap with 83,3%. The femoral flap's healing rate doesn't differ statistically from the second metacarpal's and the PQ flap's healing rate. It starts being statistically different when compared with the palmar radius flap's healing rate
Time Until Healing
The fastest healing process happened with the palmar radius flap. It took almost double the time for the ulnar flap to achieve union (Fig. 3 ). Between PQ pedicled flap, first metacarpal, and 1,2-ICSRA flaps and between iliac and femoral flaps there was no significant statistical difference (Mann-Whitney U test). Between the two groups with the faster consolidation times (first mtc and palmar radius flap)
there was significant statistical difference (Mann-
Range of Motion
The ROM was increased postoperatively in all flaps but in the iliac flap, in which the carpal extensionflexion and the ulnar-radial deviation arcs decreased by 10% and 12.7%, respectively (Fig. 4 ).
Grip Strength
The biggest change occurred with the palmar radius flap with 66.69% increase of the preoperative value and it was significantly greater than the increase in the other groups (Mann-Whitney U test between the palmar radius flap and the first mtc, U ¼ 216, z ¼ À8.5, p < 0.001). On the other hand, the PQ group were found to have the least increase with almost 11% (Fig. 5 ). For the ulnar flap group there were no data in this field. Concerning the grip strength achieved postoperatively when compared with the grip strength of the healthy, non-operated side the best results came from the PQ flap group. It showed 91.7% of the healthy side's grip strength, and statistically different from the one achieved by the palmar radius flap group that did second best (Mann-Whitney U test, U ¼ 2538, z ¼ À2.4, p ¼ 0.016). On the contrary, the iliac flap gave only 68% of the normal side's grip strength (Fig. 6 ).
Functional Outcome Score
After unifying the functional result scores data were summarized in Figure 7 . The best score was seen in the group of PQ pedicled flaps and the worst in the group of the first metacarpal flap. The ulnar flap group had no functional score mentioned. Between the best two scores there was significant statistical
Flaps' Healing Potential Over Proximal Pole AVN Nonunions
The meta-analysis demonstrated diverse results on this parameter. Computation of successful healing rate for a lot of flaps could not reach statistical significance due to the small number of patients in these groups.
In the remaining groups, best healing potential was found in the free femoral condyle flap group with 97.4% success and the worse in the 1,2-ICSRA-flap group with 79.2%. The overall consolidation rate for all flaps was 80%, p < 0.05 (Table 4) . Another computation was performed regarding proximal pole avascular necrosis on how much more powerful the same flap was on the group of patients without proximal pole AVN against the group of patients that presented one. So, we calculated the Odds ratio (OR) for each flap. Unfortunately, because of the small number of patients in most groups, the results were not statistical significant except for the 1,2-ICSRA group (Table 5 ). The OR value of 2.91 for the latter flap means that it is 2.91 times more possible for a nonunion to heal when there is not proximal pole AVN than when there is one, when both of them are treated with the 1,2-ICSRA flap. The overall OR for all the VBFs is 2.21 (p < 0.01).
Healing Potential in Waist Versus Proximal Pole Nonunions
Then we also analyzed the consolidation rate in respect to the non-union site for each flap. From the 54 articles, we could only derive data from 24 of them. The results were not statistical significant (p > 0.05). Additionally, the results we found would not depict the reality, because not even half of the articles reported separately the success of the operation in waist or proximal pole nonunions. When an article reported that all its nonunions were healed, we could derive the conclusion that all of the waist and proximal pole nonunions had united. But this gives falsely increased rates since other articles, wherein the overall consolidation rate was not 100%, did not mention separate results for waist and proximal pole nonunions, and therefore could not be included in the calculations. That would certainly give worse but more reliable results. 
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Healing Potential in Nonunions With Structural Deformities An analysis of the effect of carpal collapse, dorsal intercalated segment instability (DISI), and humpback deformity on healing of the nonunion was calculated. A Spearman rank-correlation coefficient was used (Table 6 ). For the dorsal radius flaps the Spearman correlation value ¼ À1 indicates that the more collapse or DISI is presented among patients, the less successful the flap was and that correlation was highly strong. For the rest of the flaps that achieved statistical significance, the iliac, the first and second metacarpal flap had a Spearman correlation value >0.7, pointing that the presence of structural anomaly in the scaphoid did not affect the outcome of the operation negatively. For the rest of the flaps that met no correlation, it means that the outcome was not affected by structural deformities.
In addition, we performed correlations in order to assess how various parameters affect healing rate in each flap (Spearman correlation). Values vary from À1 to þ1, but values that are worth notice from statistical point of view are <À0.5 and >0.5 (Table 7) . For all of them, p < 0.01.
Smoking Effect
Finally, we also calculated the effect of smoking on consolidation. We had data only in five flap groups (Table 8) .
We also compared the healing rate between smokers and nonsmokers. The results though were statistically insignificant for each type of flap due to the small number of reported smokers, except the 1,2-ICSRA flap ( Table 9 ). The overall OR was 10.06, which means 10.06 times more probable healing for nonsmokers.
DISCUSSION
The femoral flap was the most successful one according to our analysis, with 100% union rate despite the complexity of the operation. It also predominated with best healing potential in patients with proximal pole AVN as well as in smokers. The results for the other free VBF, the iliac flap, with 87.6% union rate rate can also be considered very good. With more than twice the patients than the femoral flap group it gives greater statistical reliability but the large number of complications either compromises the outcome or increases the need for reoperations. The lowest consolidation rate belongs to the 1,2-ICSRA flap, the most commonly used one. Someone could say that this finding is expected. On the one hand, the far larger number of hand surgery teams that used this flap makes the results more reproducible. On the other hand, the results vary a lot between these articles, from 100% healing rate to as low as 27%. Sometimes by experimenting on the various parameters, like the method of internal fixation or by extending the flap's range of indications, the results are not good. For example, Straw et al. reported union in only 6 out of 22 nonunions, and this can be attributed to incompetent internal fixation, as he fixed the flap with only one K-wire that was removed after 8 weeks, regardless of radiographic evidence of union. 8 The best ROM improvement calculated for the group of the various dorsal radius flaps. These flaps showed both ulnar-radial deviation and flexion-extension arc increase postoperatively, significantly more than in the other flaps, despite the general consensus on that dorsal wrist incisions can lead to flexion-extension arc decrease. Hankins and Budoff have analyzed wrist motion on a cadaveric study after simulating a scaphoid non-union operation with 1,2-ICSRA flap. They concluded that the flap itself does not play a role in postoperative wrist motion. 66 However, in real life patients there are a lot of factors that influence the postoperative ROM such as adhesions, scarring, time of immobilization, and rehabilitation protocol, even if the flap is placed appropriately. From these aforesaid factors, the first two are unpredictable and can depend on the surgical technique and the individual biological reactions to the trauma for each patient. From the other two, immobilization time did not vary significantly among groups and postoperative rehabilitation was seldom described. Therefore, it is rather difficult to come up with a conclusion that a flap is superior over the others in respect to the ROM.
Regarding the fate of the nonunion when a VBF is used on a smoker, there were very few articles that reported consolidation rate for the smokers individually. So, we could not produce a percentage of success for all types of flaps, and the results we found cannot export safe conclusions because of the small number of patients and the inability to reach statistical significance in the majority of them. But when we compared the healing rate between smokers and nonsmokers the result was undoubtedly in favor of nonsmokers. This conclusion agrees with other publications that state the negative effect of smoking in the healing process, either of soft tissues or of fracture consolidation. [67] [68] [69] [70] [71] From the calculations that have to do with collapse or instability of scaphoid and how the various flaps deal with this fact, we found some very interesting results. These results come in full accordance with the opinion expressed by many authors, that the dorsal radius flaps are not the best choice for correcting a humpback deformity of the scaphoid, independent of whether or not the proximal pole is avascular. Payatakes and Sotereanos recommend 1,2-ICSRA or dorsal radius flaps for proximal pole nonunions. On the contrary, for waist nonunions especially with associated humpback deformity, they suggest either volar radius flaps or free VBFs, 8 because they are better shaped to fit volarly and manage to restore the structure as close to normal as possible. The reason for the inappropriateness of the dorsal flaps is that when one places them volarly, he risks kinking of the pedicle. Payatakes correctly attributes some failures of Chang et al. to the use of 1,2-ICSRA flap in patients with humpback deformity. Jones also describes the same unsuitability of dorsal radius flaps for such cases, 62 even if Henry had 100% union in 15 patients with humpback deformity using 1,2-ICSRA flap. Our analysis showed a positive correlation for the PQ and iliac flap but strangely not for the palmar radius and free femoral flap, something that would be totally anticipated according to the above.
Despite the fact that one of the indications for the use of a VBF is the presence of scaphoid proximal pole AVN, we found in our computations that these flaps are not panacea for these patients in all cases. For the 1,2-ICSRA flap we found an OR ¼ 2.91, that means that there is still a difference in the healing rate between patients with and without PP AVN. Additionally, a negative correlation was found between the union rate and presence of proximal pole AVN in the iliac, dorsal radius, and palmar radius flap groups. That is also reported by other authors [44] [45] [46] who did not have the results that they had expected on their patients with PP AVN.
From the correlation of the healing rate with various parameters like time up until operation and mean age, in Table 7 , we can derive few conclusions, and some results are difficult to interpret. About time passed between injury and operation, in almost all flaps it is clear that the more prolonged this parameter is, the lower the healing rate. This finding is valid both for non-VBFs 5, 72, 73 and for bone fractures in general. Merell et al. reported a lower union rate when that period was over 12 months. We did not analyze that for VBFs in particular, because our aim was only the comparison of VBFs between themselves. The only type of flap that had a positive correlation between duration of nonunion before operative treatment and union rate was the iliac flap. In that group there were at least nine patients with nonunion longer than 2 years from which seven of them healed (one of them had an 84-months long nonunion), and that could partly explain this result statistically. 74 We could say the same about the postoperative immobilization period, even though in palmar radius group we found a positive correlation. In a lot of articles, the immobilizing cast was removed when there was radiological evidence of union. That fact would give a false, but strong positive correlation between these two parameters. That is the reason why we consider that this correlation is not reliable.
Regarding the mean age of the patients in each group, we found that in four groups the older the patients the lower the success rate, but in two other groups the opposite is valid. That finding agrees with what Merell et al. reported in their meta-analysis, 5 that age has little demonstrable effect on the ability to achieve non-union healing. For the rest of the correlations in Table 8 the results were variable and we could not reach firm conclusions.
In our meta-analysis there were several limitations noted in collection and interpretation of the data. There was an inconsistency in reporting results throughout the literature. For example, we could not reach a statistical significant result analyzing the radiologic parameters because these variables were reported only in a minority of the articles. In some of the flap groups they were actually totally missing, so no comparison between them was feasible. Another reason was that in a number of articles these values were reported in absolute degrees and in others as a percentage of change, so not having the preoperative values, we could not make a comparison. Another example was the very scattered clues regarding the method of ORIF that was used in order to secure the VBF. There was quite big variation in this field, including numerous types of ORIF: Ex-fix in one article, only k-wires, or only screws in others, a combination of the two latter, or even no fixation at all, without reporting separate results in most of them. That has also occurred with other variables. Another limitation of our study was that each article that was included in the meta-analysis had variable groups of patients, with different characteristics of the nonunion. The variability of the patients, the surgeons and their technique encumbers clear conclusions, especially when there is also lack of report on the patients' parameters. A prospective study with normalized groups of patients that would also scholarly report all the information regarding the scaphoid nonunion, would help clarify in a more appropriate way both the relevant supremacy of the VBFs from one another and possibly the advantage of each in particular indications.
One more limitation of our meta-analysis was that in most of the flap groups, the fact that few authors describe each flap and its results is undoubtedly a bias source. When a flap has been used by few authors or worst only by one, then the results are possibly not reproducible. There is the possibility that in their hands the results with the graft were optimal but they are not reliable even if the number of treated patients is large. Statistically they are not equally reliable to other flapgroup's results with the same number of patients but presented by multiple authors.
The numerous VBFs that are used in scaphoid non-union treatment have undoubtedly helped a lot of surgeons treat difficult to heal nonunions. We tried to quantify some of the indications and conclusions that were made by other authors and to upset various fallacious deductions. The initial quiver of VBFs was enriched throughout the years and now the hand surgeon has a wide range of choices. The majority of them tend to use the 1,2-ICSRA-radius flap. However, there are other flaps equally promising like the femoral flap, which proved to be the most potent, despite its complexity. In any case, further analysis should be conducted to determine the most suitable model of treatment for each patient with scaphoid nonunion. 
